Emulsions are dispersions of at least two immiscible liquids, one of which is dispersed as droplets in the other liquid, and stabilized by an emulsifier, such as oil and water. Different types of emulsions can be formulated according to different applications. Emulsions are categorized as simple or multiple type. Oil-in-water (O/W) and water-in-oil (W/O) are the simple emulsions, while water-in-oilin-water (W/O/W), and oil-in-water-in-oil (O/W/O) emulsions are known as multiple emulsions. Droplets of different sizes and the size distribution patterns formed based on different emulsification processes can affect their physicochemical properties. Hence, the droplet size and its distribution may determine the shelf-life stability, rheological properties, color and taste of food emulsions. Micro/ nano-emulsions have been increasingly utilized in the food industr y as deliver y system carriers that can encapsulate, protect, and deliver lipophilic functional food components, such as bioactive lipids, oil-soluble flavors, vitamins, and nutraceuticals. The application of micro/nano-emulsions has potential advantages in increasing the bioavailability of lipophilic functional food components, modulating the product texture and improving the stability of droplets against aggregation. This article provides an over view of the current status of micro/nano-emulsion containing functional food components, preparations and characterizations, and presents the applications of micro/nanoemulsions in food industry.
Introduction
Emulsion can be defined as two immiscible liquids such as oil and water, with one of the liquids dispersed as small droplets in another. One of the immiscible liquids, defined as the disperse phase, is dispersed as small droplets in another liquid, defined as the continuous phase.
To form a stable emulsion, a substance with emulsifying property has to be included, such substances are defined as emulsifiers [1] . As the same composition of emulsion, the droplets size and droplet size distribution greatly affect the properties of the emulsion. The stability of emulsions can be improved with small droplet sizes and narrow size distributions. A conventional emulsion typically has a droplet diameter between 0.01 to 100 μm. It is thermodynamically unstable due to the relatively high interfacial tension associated with the contact between the oil and water phases. A nano-emulsion generally has mean droplet diameter between 20 to 200 nm [2] [3] . emulsion consists of oil droplets dispersed in water droplets, which are themselves dispersed in a continuous oil phase [4] . Nano-emulsion based food delivery systems (FDS) and drug deliver y systems (DDS) have been applied in food, pharmaceutical and cosmetic fields. In the human digestive system, ingested food is broken down into small nutrient molecules that can be absorbed into the blood plasma. During the digestion process, most of the nutrients are transported as O/W emulsions. In particular, the particle size can be decreased from nano to mixed micelles order in the just before absorp-(Received 5 Aug. 2015: accepted 17 Nov. 2015) tion. It is considered that high ratio of functional food compounds recovered from mixed micelles may have a high availability. However many of these compounds are unstable to heat, light, and oxygen; also, most of them are water-insoluble. The low solubility of these functional food compounds impairs their bioavailability and limits their use. On the other hand, the formulation of functional food compounds into micro/nano-emulsions is expected to improve their bioavailability. In this article, we present recent trends on the encapsulation of functional food compounds, focusing on the preparation and characterization of micro/nano-emulsion containing functional food components. We also present some applications of micro/nano-emulsions in food and other related industries.
Encapsulation of functional compounds
In general, there are two methods to produce micro/ nano-emulsions with smaller droplet diameters and narrow size distributions: low-and high-energy input emulsifications. In high-energy emulsification methods, the emulsification is done using mechanical equipment including high-speed mixer, microfluidization, and ultrasonic emulsification. On the other hand, in low-energy emulsification methods, such as membrane emulsification, micro/nano channel emulsification, phase inversion emulsification and so on, the emulsions can be produced based on physicochemical behavior of the emulsifiers.
We describe the process for using each approach in detail below. Depending on the methods employed, many types of emulsion systems containing functional compounds were prepared, and investigated. Table 1 shows the summary of micro/nano-emulsions containing functional food compounds research and applications [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Besides, oil-in-water emulsion system using virgin Picholine olive oil, containing high flavonoids such as apigenin, showed higher antiallergenic effect compared with bulk olive oil system [18, 19] .
High-speed mixer
High-speed mixers are used worldwide as emulsification devices in laboratory and industry fields. Figure 1 schematically represents details of a commercial highspeed mixer with rotor-stator polytron. The rotor-stator shaft consists of a rotor housed concentrically inside the stator with blades and a stator with different type of slots (vertical or slant). As the rotor rotates, it generates a lower pressure to take the liquid in and out of the assembly, thereby resulting in cavitation and emulsification.
High-speed mixer has processing capacity with broad ranges, typically from 0.005 to 10 L/h can be used for laboratory scale, and 10 to 5000 L/h are often used for industrial scale. The droplet diameters can be decreased with longer emulsification times and higher rotation speeds. However, the higher rotation speeds can also generate heat, therefore the temperature control is needed for some functional compounds that are sensitive to temperature [1] . Jafari et al. prepared emulsions containing essential oil by high-speed mixer. The mean droplet diameters were 10±0.08 μm [20] .
High-pressure emulsification
A large amount of mechanical energy needed for the formation of micro/nano-emulsion. The free energy required (ΔG) for the area of oil-water interface increase (ΔA) can be given by the following equation.
ΔG ＝γΔA (1) whereγ is the interfacial tension. (Fig. 4 ) [23] . Figure 5 shows that an emulsion containing β-carotene was produced by HPH.
Here, β-carotene was dissolved in medium chain triacylglycerol as a dispersed phase and 10% of Tween 20 aqueous solution was used as continuous phase. The processing was carried out 3 times for each pressure, and the droplet diameter tended to decrease with the pressure increase [24] . Besides, some factors can lead to the decrease of the droplet diameter such as the increased number of passes, the decrease of interfacial tension and if the viscosity ratio of disperse phase to continuous phase is between 0.05 and 5 [25] . Table 2 summarizes some references where HPH was used [24, [26] [27] [28] . On the other hand, Microfluidizer ® comprises of a fluid inlet, a pump, and a chamber with two channels where the fluids are taken into, and then impact with each other (Fig.6 ). The coarse emulsion is forced into an inlet channel by high pressure and divided into two streams to make an impact force on each other at high velocity in the interaction chamber. The intensive shear force generated in the interaction chamber is highly effective for breaking droplets up and forming 30 nm -3 μm-order micro/nano-emulsions. Table 3 summarizes references related to the emulsion preparation using Microfluidizer [29] [30] [31] [32] [33] [34] [35] . The droplet diameter can also be affected by increasing the operating pressure, the number of passes and so on.
Ultrasonic emulsification
Ultrasonic emulsification is also a very effective processing method in the generation and application of emulsions. In ultrasound emulsification, the energy input is provided by sonicator probe. The sonicator probe is placed in the target liquids, where the intense mechanical vibrations are generated, leading to cavitation effects.
The collapse of the micro bubbles occurs by cavitation forces in the immediate vicinity of the sonicator probe that leads to droplet disruption. Ultrasound can be generated by mechanically and electrically. A schematic diagram of an ultrasonic emulsification is shown in Fig. 7 . In general, 1-30 μm order of emulsions can be produced by ultrasonic emulsification. Recently, it has been reported that nano-order of emulsions can also be produced by ultrasonic emulsification (Table 4 ) [36] [37] [38] [39] . The droplet diameter of produced emulsion depends on the ultrasonic parameters such as irradiation intensity, irradiation time, emulsifier type and concentration, among others [36] .
Membrane emulsification
Membrane emulsification (ME) was proposed by Nakashima et al. [40] . In membrane emulsification process, the microporous membranes were used for produce droplets by pressing the dispersed phase through the pores of microporous membrane directly into the continuous phase (Fig. 8) [40] . Compared to conventional emulsification, the advantages of ME can be carried out with lower energy input to generate smaller sized droplets and narrow droplet size distributions. The droplet diameter depended on the pore size of porous membranes, and the coefficient of variation on size of the droplets produced was about 10%. The different types of ME system and emulsified case are shown in Table 5 [ [41] [42] [43] [44] [45] [46] . Membrane emulsification is applicable to O/W emulsions, W/O emulsions and multiple emulsions.
Shirasu porous glass (SPG) is a commonly used membrane for emulsion preparation. In general, the droplet diameters were determined to be 3-10 times bigger than the mean diameter of the membranes pores. On the other hand, premix emulsification can also be used to produce emulsions with high dispersed phase fraction. In this case, the droplet diameters may be 1-2 times larger than the mean diameter of the membranes pores.
Emulsification via micro/nano engineered devices
Microfluidic devices available for flowing fluids on a loaded O/W emulsions and high concentration of vitamin C-loaded multiple emulsions have been produced by asymmetric straight-through MCs [54, 55] . Recently nano-channel has also been developed, and monodispersed emulsions with the mean droplet diameter of approximately 500 nm have been produced [56] .
Edge-based droplet generation (EDGE) emulsification was proposed by van Dijke et al. [57] , where simultaneous formation of many oil droplets in a single EDGE module occurs. In EDGE module, multiple droplets are formed at the edge of a shallow but rather wide rectangular plateau (Fig. 9g ). (Fig. 10) . It was reported that an emulsion with droplet diameter around 100 nm can be produced using this method [61] . Here, the stability of resulting emulsions was greater and depended on the storage temperature.
Phase inversion emulsification
Therefore, the rapid cooling is required after producing the emulsion [62] . On the other hand, a PIC method star ts from W/O emulsion, which is an equilibrium phase of oil, water, and surfactant, in which the surfactant is already at the water/oil interfaces with a curvature turned toward water. Then a large addition of water, which causes an inversion of the spontaneous curvature of the emulsifier, now turned toward the oil. After that, an emulsion with diameters of around 100 nm can be obtained (Fig. 11) . Both PIT and PIC methods are revers- through a catastrophic phase inversion. In this case, a W/O emulsion with a high oil to water ratio is formed using a low molecular weight emulsifier, and then increasing amounts of water are added to the system with continuous stirring (Fig. 12) . Above a critical water content, the water droplet concentration is higher that the emulsion reaches a phase inversion point where it will change from W/O emulsion to O/W emulsion. The droplet diameter produced by EIP method depends on process variables (stirring speed, rate of water addition).
It has been reported that an emulsion with droplet diameter around 100 nm can be produced by EIP method [63] . Figure 13 shows the schematic representation of solvent displacement method. Initially the functional compounds are dissolved in an organic solvent e.g., alcohol
Solvent displacement/emulsification evaporation
or acetone as an oil phase, while the oil phase is added to the aqueous phase drop-by-drop under magnetic stirring leads to a dispersion. After this step, some water is added to the dispersions, in order to allow the diffusion of the organic solvent into the water. Additional evaporation process is used to remove the organic solvent from the dispersions. Emulsification evaporation is also one of the most common methods used for preparing nano-dispersions. With this method, the functional compounds are dissolved in a lipophilic solvent e.g., hexane as an oil phase, and an O/W emulsion is formed by conventional emulsification with the aqueous phase containing an emulsifier. Converting the emulsion into nano-dispersion is then carried out by evaporating the solvent, and the particle size decreases to the nano-size range (Fig.   14) . Table 7 summarizes some references where solvent displacement/emulsification evaporation methods were used [64] [65] [66] [67] . The particles produced using these methods may have from several 10 nm to 200 nm-order.
Spontaneous emulsification
Spontaneous emulsification is also one of methods which can prepare nano-sized emulsion. An emulsion is spontaneously formed when two liquids such as organic phase and aqueous phase are mixed together at a special temperature. Spontaneous emulsification was depended on the chemical composition of phases and the presence of surfactants. Figure 15 shows the schematic representation of spontaneous emulsification [68] [69] . Initially, the organic and aqueous phases are mixed together. After mixing, the water-miscible solvent and surfactant move from the organic phase into the aqueous phase, which creates a large turbulent force at the oil water interface.
Some references using spontaneous emulsification are summarized in Table 8 [70] [71] [72] . Table 7 An overview of literature researches on oil in water nano-emulsion formation using solvent displacement and evaporation methods. 
Characterization of micro/nano-emulsions
Emulsion are thermodynamically unstable systems that tend to breakdown over time through different physicochemical mechanisms [1] . Here, we will mainly focus on the physical stability (Fig. 16) . The physical stability of emulsion can be evaluated by Stokes' law equation:
where, V stokes is creaming velocity, r is the droplet radius, ρ is droplet density, ρ 0 is the density of continuous phase, η 0 is the viscosity of continuous phase, and g is the gravitational acceleration. In here, the V stokes value is negative for creaming, and positive for settling. This equation shows that the creaming can be affected by droplet radius, viscosity of continuous phase and density difference between the oil and water phases. On the other hand, the stability of an emulsion can also be evaluated by measuring the change in droplet diameter when the emulsion is stored for a specified length of time, or exposed to some environmental stresses, such as heating, freezing and stirring. The parameter named emulsion stability index (ESI) based on droplet diameter measurements, is given below: 
Application of micro/nano-emulsions in food
Micro/nano-emulsions can be used in many fields.
There is increasing interest in food industry in utilizing them as delivery carriers containing lipophilic functional food compounds (e.g., vitamin A, D 3 , E, polyphenols, carotenoids, phytosterols, and flavor compounds) to protect and deliver those compounds, asides from increasing the bioavailability of those lipophilic compounds. For instance, citral is one of the most important flavor compound that is widely used in the food and beverage industries. Citral is chemically unstable and degrades over time in an acidic environment; also can be affected by heat, light and oxygen [73] . It has been reported that the stability of citral can be improved by emulsification method [74, 75] . Phytosterol can reduce cholesterol levels in humans. Due to the water insolubility, incorporation of phytosterol into foods is difficult. Recently, some research groups produced emulsions containing high concentrations of phytosterol [76] [77] [78] . In addition to this, the encapsulation of lycopene [79] , astaxanthin [80] , coenzyme Q10 [81] also has been reported by different research groups. Some reports using nano-emulsions are also summarized in Table 9 .
Conclusions
This article reviews on the current status of micro/ nano-emulsion containing functional food components preparation and characterization, and presents some applications of micro/nano-emulsions into food industry.
Recently, different types of devices and methods have been developed to produce micro/nano-emulsions. We mentioned some of them in this paper. Micro/nanoemulsion based materials have a large surface area-tovolume ratio. In the future further applications, such as the development of new emulsification systems, as well as functional foods deliver y systems or drug deliver y systems, are expected. 
